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METHODS AND SYSTEMS FOR HIGH
PERFORMANCE, WIDE BANDWIDTH
OPTICAL COMMUNICATION SYSTEMS
USING RAMAN AMPLIFICATION

FIELD OF INVENTION

This 1nvention relates generally to optical communica-

fions networks and, more particularly, to methods and sys-
tems for providing long haul optical communication systems
that employ Raman amplification.

BACKGROUND OF THE INVENTION

From the advent of the telephone, people and businesses
have craved communication technology and its ability to
transport information 1n various formats, €.g., voice, image,
etc., over long distances. Typical of innovations 1n commu-
nication technology, recent developments have provided
enhanced communications capabilities 1n terms of the speed
at which data can be transferred, as well as the overall
amount of data being transferred. As these capabilities
improve, new content delivery vehicles, e.g., the Internet,
wireless telephony, etc., drive the provision of new services,
¢.g., purchasing 1tems remotely over the Internet, receiving
stock quotes using wireless short messaging service (SMS)
capabilities etc., which in turn fuels demand for additional
communications capabilifies and 1nnovation.

Recently, optical communications have come to the fore-
front as a next generation communication technology.
Advances 1n optical fibers over which optical data signals
can be transmitted, as well as techniques for efficiently using
the bandwidth available on such fibers, such as wavelength
division multiplexing (WDM), have resulted in optical tech-
nologies being the technology of choice for state-of-the-art
long haul communication systems.

For long haul optical communications, e.g., greater than
several hundred kilometers, the optical signal must be peri-
odically amplified to compensate for the tendency of the
data signal to attenuate. For example, 1n the submarine
optical communication system 10 shown in FIG. 1, the
terrestrial signal 1s processed m WDM terminal 12 for
transmission via optical fiber 14. Periodically, e.g., every 75
km, a line unit 16 amplifies the transmitted signal so that 1t
arrives at WDM terminal 18 with suflicient signal strength
(and quality) to be successfully transformed back into a
terrestrial signal.

Conventionally, erbium-doped fiber amplifiers (EDFAs)
have been used for amplification 1n the line units 16 of such
systems. As seen in FIG. 2(a), an EDFA employs a length of
erbium-doped fiber 20 1nserted between the spans of con-
ventional fiber 22. A pump laser 24 1njects a pumping signal
having a wavelength of, for example, approximately 1480
nm 1nto the erbium-doped fiber 20 via a coupler 26. This
pumping signal interacts with the f-shell of the erbium atoms
to stimulate energy emissions that amplify the mcoming
optical data signal, which has a wavelength of, for example,
about 1550 nm. One drawback of EDFA amplification
techniques 1s the relatively narrow bandwidth within which
this form of resonant amplification occurs, 1.€., the so-called
erbium spectrum. Future generation systems will likely
require wider bandwidths than that available from EDFA
amplification 1n order to increase the number of channels
(wavelengths) available on each fiber, thereby increasing
system capacity.

Like other types of communication technologies which
squeeze capacity from a finite amount of bandwidth, WDM
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2

optical communication systems must cope with the adverse
effects of both noise and intersymbol interference (ISI).
Noise tends to make the original signal more difficult to
reproduce by adding extraneous energy to the original
signal, whereas ISI tends to “smear” the original signal
when, for example, signal energy originally transmitted on
one wavelength channel bleeds into signal energy originally
transmitted on another wavelength channel. With respect to
EDFA amplification schemes, noise 1s a particular problem,
since the EDFA amplifier inherently generates a significant
amount of noise in the form of amplified spontancous
emission (ASE). ASE occurs because, 1n addition to gener-
ating energy that amplifies the incoming data signal, the
decay of the erbium atoms creates light that 1s 1tself propa-
cgated through the optical fiber along with data signal. Since
ASE 1s generated by each amplifier along the path between
terminals, the ASE noise tends to accumulate. In some
EDFA systems, the noise accumulates to a degree that the
system design may be impacted. Consider, for example, the
system described 1n the article “1800 Gb/s Transmission of
One Hundred and Eighty 10 Gb/sWDM Channels over
7,000 km using the Full EDFA C-Band”, by C. R. Davidson
et al., found 1n OFC’2000, Paper PD25-1, the disclosure of
which 1s incorporated herein by reference. There, an EDEA
optical communication system was tested 1n a circulating
loop and experienced unexpectedly large noise values near
the 1532 nm gain peak. To offset the reduced performance
caused by this unexpected noise, the channel density 1n that
system was reduced 1n the vicinity of the accumulated noise.

Distributed Raman amplification 1s one amplification
scheme that can provide a broad and relatively flat gain
proiile over a wider wavelength range than that which has
conventionally been used in optical communication systems
employing EDFA amplification techniques. Raman amplifi-
ers employ a phenomenon known as “stimulated Raman
scattering” to amplify the transmitted optical signal. In
stimulated Raman scattering, as shown in FIG. 2(b), radia-
tion from a pump laser 24 interacts with a gain medium 22
through which the optical transmission signal passes to
transfer power to that optical transmission signal. One of the
benelits of Raman amplification 1s that the gain medium can
be the optical fiber 22 itself, 1.e., doping of the gain material
with a rare-ecarth element 1s not required as in EDEFA
techniques. The wavelength of the pump laser 24 1s selected
such that the vibration energy generated by the pump laser
beam’s interaction with the gain medium 22 is transterred to
the transmitted optical signal in a particular wavelength
range, which range establishes the gain profile of the pump
laser.

Although the ability to amplify an optical signal over a
wide bandwidth makes Raman amplification an attractive
option for next generation optical communication systems,
the use of a relatively large number of high power pump
lasers (and other components) for each amplifier in a Raman
system has hitherto made EDFA amplification schemes the
technology of choice for long haul optical communication
systems. Thus, not surprisingly, the resources employed to
design Raman-amplified, long haul communication systems
have languished relative to those employed for designing
EDFA-amplified long haul systems.

However, as the limits of EDFA amplification are now
being reached, recent efforts have begun to explore the
design 1ssues assoclated with supplementing, or replacing,
EDFA amplification technology with Raman amplification
technology. These efforts have identified ISI (in particular
nonlinear effects) associated with optical fiber signal trans-
mission as one of the primary limiters of capacity 1n systems
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employing Raman-amplification 1n wide bandwidth, WDM
optical communication systems.

Accordingly, there remains a need for techniques and
systems that will enable high capacity, long haul Raman-
amplified optical communication systems to enjoy commer-
cial feasibility.

BRIEF SUMMARY OF THE INVENTION

These, and other, drawbacks, limitations and problems
assoclated with conventional optical communication sys-
tems are overcome by exemplary embodiments of the
present 1nvention, wherein the nonlinear effects which
impact wideband, Raman-amplified optical communication
systems are examined and system design parameters are
adjusted to avoid limitations on system performance
imposed by nonlinear effects. More specifically, Applicants
have noted that a portion of the data carrying bandwidth 1s
impacted by nonlinear effects to a significantly greater
degree than the remainder of the data carrying bandwidth.
This, 1n turn, results 1n a signal-to-noise ratio ceiling being
imposed by the nonlinear portion of bandwidth on the entire
data carrying bandwidth, beyond which ceiling the perfor-
mance of the system degrades to an unacceptable level.

This problem 1s solved according to exemplary embodi-
ments of the present invention by analyzing and adjusting
system parameters so that the entire system SNR can be
increased, e€.g., on the order of 1 dB. For example, the
so-called Q factor performance (described below) of a
Raman-amplified optical communication system can be
improved by allocating a predetermined bandwidth for com-
municating optical signals, dividing the predetermined
bandwidth mto wavelength channels, wherein a first plural-
ity of the wavelength channels have a first spacing and a
second plurality of the wavelength channels have a second
spacing less than the first spacing, transmitting the optical
signals via the wavelength channels; and amplifying the
optical signals using Raman amplification, whereupon the
first spacing associated with said first plurality of wave-
length channels and the second spacing associated with the
second plurality of wavelength channels equalizes the Q
factors for the optical communication system.

According to another exemplary embodiment of the
present invention, a method for communicating optical wave
division multiplexed (WDM) signals includes the steps of:
providing a first plurality of wavelength channels having a
first spacing and a second plurality of said wavelength
channels having a second spacing less than the first spacing;
communicating optical WDM signals via the first plurality
of wavelength channels using a first launch power; and
communicating optical WDM signals via the second plural-
ity of wavelength channels using a second launch power;
wherein the at least one first launch power 1s greater than the
at least one second launch power.

Even more generally, the present invention teaches that by
making the channel spacing a function of the signal launch
power, the variance i1n nonlinear effects associated with
launch power tilt can be equalized. Launch power filt
appears as part of an effort to minimize SNR excursion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of an optical communica-
fion system 1n which the present invention can be imple-
mented;

FIG. 2(a) 1s a conceptual diagram of a conventional
erbium-doped fiber amplifier;
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FIG. 2(b) i1s a conceptual diagram of a conventional
Raman amplifier;

FIG. 3 1s a block diagram of an exemplary terminal unit
of an optical communication system including link moni-
toring equipment according to exemplary embodiments of
the present mvention;

FIG. 4 1s a block diagram of an exemplary line unit of an
optical communication system in which the present inven-
tion can be implemented;

FIG. 5 1s another block diagram of an exemplary line unit
of an optical communication system including an exemplary
Raman pumping architecture;

FIG. 6 1s a graph depicting exemplary wavelengths and
powers for Raman pump lasers and signal channels;

FIG. 7 1s a graph 1llustrating the variance i the nonlinear
ciiects on a wideband, Raman-amplified system wherein
both a shorter wavelength channel and a longer wavelength
channel are plotted as functions of QQ factor vs. SNR;

FIG. 8 1s a graph which also depicts the variance 1n
nonlinear effects for an exemplary system wherein the Q
performance 1s plotted as a function of channel number;

FIG. 9 1s a graph which 1llustrates the effect of varying the
channel spacing for channel #1 by plotting the Q factor as a
function of channel spacing for a Raman-amplified optical
communication system according to an exemplary embodi-
ment of the present mnvention;

FIGS. 1012 are graphs which also 1llustrates the effect of
varying the channel spacing by comparing Q factor vs.
relative SNR of channels #1, #25 and #1235, respectively, at

different channel spacings;

FIGS. 13 and 14 are graphs that 1llustrate the improved
system performance by adjusting the channel spacing within
the data carrying bandwidth according to exemplary
embodiments of the present invention; and

FIG. 15 1s a graph depicting exemplary functional rela-
tionships between channel spacing and signal launch power
according to the present 1nvention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

In the following description, for the purposes of expla-
nation and not limitation, speciiic details are set forth, such
as particular systems, networks, software, components,
techniques, etc., 1n order to provide a thorough understand-
ing of the present invention. However, it will be apparent to
onc skilled 1n the art that the present invention may be
practiced 1n other embodiments that depart from these
specific details. In other mstances, detailed descriptions of
known methods, devices and circuits are abbreviated or
omitted so as not to obscure the present 1nvention.

Methods and systems for increasing performance in
Raman-amplified optical communication systems can be
employed 1n systems such as those depicted in FIG. 1, 1.e.,
submarine optical communication systems, or in terrestrial
systems. For the purpose of illustration, rather than
limitation, an exemplary Raman-amplified system 1s
described below for context. Those skilled in the art will
appreciate that many different system configurations could
also 1mplement the present invention.

An exemplary architecture for terminal 12 and 18 1is
provided 1n the block diagram of FIG. 3. Therein, the long
reach transmitters/receivers (LRTRs) 30 convert terrestrial
signals mto an optical format for long haul transmaission,
convert the undersea optical signal back into its original
terrestrial format and provide forward error correction. The
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WDM and optical conditioning unit 32 multiplexes and
amplifies the optical signals in preparation for their trans-
mission over cable 34 and, 1n the opposite direction, demul-
tiplexes optical signals received from cable 34. The link
monitor equipment 36 monitors the undersea optical signals
and undersea equipment for proper operation. The line
current equipment 38 provides power to the undersea line
units 36. The network management system (NMS) 40 con-
trols the operation of the other components 1n the WDM
terminal, as well as sending commands to the line units 36
via the link monitor equipment 36, and 1s connected to the

other components 1n the WDM terminal via backplane 42.

Functional blocks associated with an exemplary line unit
16 are depicted 1n FIG. 4. Therein, each fiber has a splitter
50 connected thereto to sample part of the traveling WDM
data signal. The splitters 50 can, for example, be 1mple-
mented as 2% tap couplers. A photodetector 52 receives the
sampled optical signal from its respective splitter 50 and
transforms the optical signal into a corresponding electrical
signal. The photodetector 52 outputs the electrical signal to
a corresponding sub-carrier receiver unit 54, which detects
and decodes the commands present 1n the sub-carrier modu-
lated monitoring signal that has been modulated on the
envelope of the WDM data signal. After decoding the
command, the particular sub-carrier recerver 54 determines
whether the decoded command 1s intended for 1t. If so, the
action 1n the command 1s executed, ¢.g., measuring the
power of the WDM signal, measuring the pump power
output from one or more lasers in the pump assembly, or
changing the supply current to the lasers of the pump
assembly. To this end, the sub-carrier receivers 54 are
connected to respective current control and power monitor-
ing units (I settings) 56, which each include pump power
monitors and pump current controls for each laser m the
associated pump laser assembly 58.

The pump modules 38 provide pump light 1nto the optical
fibers to amplily the data signals traveling therein using a
Raman amplification scheme, as generally described above.
The gain profile for a single pump wavelength has a typical
bandwidth of about 20-30 nm. For high capacity WDM
communication applications, such a bandwidth 1s too narrow
and, accordingly, multiple pump wavelengths can be
employed to broaden the gain profile. FIG. 5 depicts an
exemplary pump architecture for providing multiple pump
wavelengths 1n a Raman amplification scheme.

Therein, a number N of pump radiation sources 110 are
optically coupled to a respective one of N pump radiation
combiners 112. Each of the pump radiation sources 110
generate various pump wavelengths at various pump powers
using 1ndividual radiation emitters 114. The individual
radiation emitters 114 can, for example, be lasers, light
emitting diodes, fiber lasers, fiber coupled microchip lasers,
or semiconductor lasers. The combiners 112 combine the
various outputs of their respective pump radiation sources,
¢.g., by wave division multiplexing, and outputs the com-
bined optical pumping signal to coupler 118. Coupler 118
can be an NxM coupler which takes contributions from all
N 1puts to provide a representative output at each of M
output ports. Energy from the coupler 118 1s pumped 1nto the
optical fiber(s) via pump signal combiners 122. In general,
Raman pump architectures couple the light generated by
pump lasers at various wavelengths and various powers to
the optical fibers to pump the optical data signals. Those
skilled in the art will appreciate that many other types of
pumping architectures can be employed to provide Raman
amplification to optical data signals 1n accordance with the
present mvention.
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In designing an appropriate (e.g., flat) composite gain
proiile for the pumping signal, a system designer should
consider the Raman pump—pump and signal—signal inter-
actions. Pump-pump interactions refer to the fact that the
shorter wavelength pump signals will transfer energy to the
longer wavelength pump signals, as well as the optical data
signals, due to stimulated Raman scattering. Likewise,
signal—signal interactions refer to the fact that the shorter
wavelengths 1n the signal band will amplify the longer
wavelengths 1 the signal band. These effects become more
pronounced as the range of wavelengths selected for the
signal band increases. Because of the pump—pump and
signal—signal interactions, the shorter wavelengths (within
both the pump band and the signal band) should be gener-
ated at a higher power than the longer wavelengths 1n
wideband Raman-amplified system. For example, FIG. 6
depicts exemplary pump powers and signal band launch
powers for achieving a relatively flat composite gain profile
using eight different pump wavelengths and an approximate
signal band of 100 nm. Those skilled in the art will appre-
ciate that more or fewer than eight pump wavelengths may
be used 1 any given implementation.

As seen therein, the pump power decreases for increasing
wavelength. Likewise, the launch power of the shorter
wavelength channels 1s generally larger than the launch
power for the higher wavelength channels, unlike EDFA.-
amplified systems that typically employ a relatively constant
launch power across all channels. The slope associated with
the launch power as a function of wavelength 1s sometimes
referred to as the launch power tilt, which parameter will be
discussed 1n more detail below. These types of power
spectrums for Raman pump wavelengths and the optical data
channel wavelengths tend to desirably minimize the excur-
sion in the signal-to-noise ratio (SNR) of the received
optical data signal.

Unfortunately, these techniques for minimizing the excur-
sion 1n the SNR have a less desirable impact when consid-
ering the nonlinearities of the optical fiber medium. These
nonlinearities, for example self-phase modulation, cross-
phase modulation and four-wave mixing, create interactions
between the propagating light and the medium and,
ogenerally, reduce system performance. The nonlinear effects
of the optical fiber medium tend to increase with signal
power. Thus, power spectrums employed to minimize SNR
excursion result in the shorter wavelengths (higher launch
power) experiencing greater nonlinear effects than the
longer wavelengths (lower launch power). The greater the
launch power tilt, the greater the variance i1n the nonlinear
ciiects across the signal bandwidth. This variance in non-
linear effects across a wideband in Raman amplified optical
communication systems adversely impacts overall system
performance.

When considering optical communication system perfor-
mance generally, it is important to consider (in addition to
SNR) a parameter known as the Q factor, which 1s generally
considered to be a good measure of overall system perfor-
mance because it takes into account both noise and ISI (e.g.,
the aforementioned nonlinear effects). Specifically, the Q
factor is related to bit error ratio (BER) as it 1s the argument
to the normal error function used to calculate the BER. A
detailed discussion of the Q factor, and its general use in
optical system performance measurement, 1s beyond the
scope of this discussion however the interested reader is
referred to Optical Fiber 1elecommunications, edited by
Kaminow and Koch, Volume IIIA, Chapter 10, pp. 314-329
(1997), the disclosure of which is incorporated here by
reference. What 1s significant, however, 1s that the QQ factor
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1s an 1mportant design factor 1n optical communication
systems that typically 1s used to provide a performance
target for the system as a whole.

FIG. 7 presents a graph plotting the Q factor as a function
of SNR for an exemplary Raman amplified system, using a
pumping scheme that 1s similar to that described above and
with a launch power tilt of about 4 dB, 1.¢., the launch power
of the shortest wavelength channel 1n the signal band is
about 4 dB greater than the launch power of the longest
wavelength channel. Specifically, Q vs SNR 1s plotted for
both a shorter wavelength channel and a longer wavelength
channel m a WDM Raman amplified system having a
channel spacing of 50 GHz. Note that the particular values
depicted 1n this graph and the particular pumping scheme
used to generate these values are not significant per se,
instead what should be noted from this particular Figure 1s
that the Q factor performance of the shorter wavelength
channel 1s worse than that of the longer wavelength channel.
Moreover, the difference 1n Q factor performance tends to
increase with SNR and the Q performance of the shorter
wavelength peaks before that of the longer wavelength (in
this example the shorter wavelength peaks at an SNR of
about 14 dB). Note also the relatively large difference
between the Q factor of the shorter wavelength channel and
the Q factor of the longer wavelength channel, e.g., about

1-1.5 dB at an SNR of about 14 dB.

FIG. 8 1s a graph of the Q factor as a function of channel
number, where increasing channel number corresponds to
increasing wavelengths. Again, the phenomenon described
above with respect to FIG. 7 1s also seen here, as the system
performance 1n the lower numbered channels 1s distinctly
poorer than that of the higher numbered channels. For the
reasons described above, given the tension in Raman ampli-
fied systems between minimizing SNR excursion and equal-
1zing nonlinear effects, Applicants believe that this phenom-
enon will be common to all wideband applications of Raman
amplified optical communication systems.

The 1ssue then becomes one of system design given this
phenomenon. A straightforward way of approaching this
problem 1s to accept that the system will be performance
limited by the shorter wavelength channels. Thus, taking the
exemplary system characteristics depicted mm FIG. 7, a
system designer might conclude that it would be undesirable
to 1ncrease the launch power to a point beyond which the
shorter wavelength channel’s Q performance begins to sig-
nificantly drop off, e.g., an SNR of 14 dB and a Q of slightly
more than 13 dB. This has the unfortunate ramification of
limiting the better performing longer wavelength channels’
Q performance, which could otherwise accept higher power
without Q degradation, 1.e., the system becomes limited by
the greater nonlinear effects experienced i the shorter

wavelength portion of the data carrying bandwidth.

Exemplary embodiments of the present invention provide
techniques and systems for addressing this dilemma.
Specifically, exemplary embodiments of the present inven-
tion provide techniques and systems which permit higher
system launch power by substantially equalizing the system
(Q performance across the entire bandwidth of a Raman
amplified optical communication system. The following test
simulation studies were based on an exemplary Raman-

amplified optical communication system having the follow-
Ing parameters:
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Data Rate per Channel 10 Gb/s

FEC Overhead 15%

Transmission Distance 7500 km

Span Length 60 km

Dispersion Map 22 km SMF + 30 km IDF + 8
km SMF

Total Bandwidth ~100 nm

Dispersion Slope Assumed to be zero

Total Pump Power ~810 mW

Launch Power Tilt ~4 dB

The 1ncrease in nonlinear effects, which are the result of
the variable launch powers used to equalize the SNR excur-
sion are, according to these exemplary embodiments, offset
by 1ncreased spacing between selected channels. More
specifically, by increasing the channel spacing of selected
channels as a function of launch power tilt, the QQ factor for
the entire system can be equalized and system SNR raised.
Note that, unlike the above incorporated article by Davidson
et al. describing the use of increased channel spacing to
offset unexpected noise i an EDFA-amplified system,
exemplary embodiments of the present invention provides
techniques for selecting channel Spacmgs as a function of
launch power tilt to offset the variance 1n nonlinear effects
caused by the launch power tilt 1n a Raman-amplified
system.

A first example 1s provided 1n FIG. 9, where the impact of
increased channel spacing in the most nonlinear (highest
launch power) region of a Raman system is evaluated.
Therein, the effect of increasing the channel spacing
between channels 1 and 2 i1s shown to increase the Q
performance of channel 1, ultimately close to single channel
performance at a spacing of 80 GHz and beyond. The impact
of increased channel spacing on the ability to increase
launch power (which results in increased SNR) in the shorter
wavelengths 1s shown 1n the graph of FIG. 10. Therein, it can
be seen that the point at which the Q performance of channel
1 drops off with increased SNR shifts to the right as channel
spacing 1ncreases.

Applicants have likewise studied the impact of wider
channel spacings at higher numbered channel (longer
wavelengths), examples of which are provided as FIGS. 11
and 12 for channel numbers 25 and 125, respectively. These
oraphs indicate that the benefits of wider channel spacings,
from a Q performance perspective, tend to diminish with
increased wavelength.

These results have enabled Applicants to design Raman-
amplified optical communication systems that have substan-
tially the same Q factor across the entire channel range.
Specifically, by widening the channel spacing in the region
of the signal bandwidth where the launch power and non-
lincar effects are significantly higher, Applicants have
designed Raman-amplified optical communication systems
wherein the Q performance of the channels 1n the nonlinear
region can be made substantially similar to that of the other
channels.

Consider, for example, the graph of FIG. 13. Therein, the
first 40 channels have a spacing of 100 GHz, while the
remaining 210 channels have a spacing of 40 GHz. Plotted
here are the Q performances for channels #1, 25, 125 and
250 across a range of relative SNRs (the actual SNR at O 1s
about 14 dB). Note that the Q performance on each of these
channels 1s substantially similar over a broad range of SNRs
(e.g., a Q range of less than about 0.5 dB at SNRs greater
than 12 dB) that could be selected for system operation. In
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particular, this graph 1llustrates that the system 1s no longer
limited by the Q factor performance of the lower numbered
channels and that 1t can operate at higher SNRs, meaning
that launch power across the data carrying bandwidth can be
increased. Another example 1s provided 1n FIG. 14. Therein,
the first 30 channels have a spacing of 90 GHz, while the
remaining 220 channels have a spacing of 45 GHz. Once
again, the channels are closely grouped in their Q perfor-
mance so that no particular channel or group of channels

mandates a low overall system SNR.

In the foregoing examples, the channel spacing was
increased for about the first 12% of the data carrying
bandwidth. Of course, system implementations will vary,
however Applicants contemplate that increased channel
spacing for the first 10-15% of the channel bandwidth will
provide the desired Q factor equalization described above
for most wideband, Raman-amplified optical communica-
tion systems. Those skilled 1n the art will recognize that
there 1s a tradeoifl between increased channel spacing and
system capacity, ¢.g., doubling the channel spacing for the
first 12% of the bandwidth reduces overall capacity by 6%.
One approach 1s to accept the reduced capacity 1n favor of
the 1mproved system performance.

Another approach 1s to reduce the channel spacing of the
channels outside of the highly nonlinear region of the
bandwidth to compensate, partially or completely, for the
increased channel spacing of the channels that are in the
nonlinear portion. For example, if the channel spacing of the
first 12% of the bandwidth 1s doubled, then the channel
spacing of the remaining 88% can be reduced by 6%, ¢.g.,
from 50 GHz to 47 GHz. This reduction 1n channel spacing
will slightly 1ncrease the nonlinear effects for the remaining,
88% of the bandwidth, but will restore the overall capacity
of the system to that of uniform channel spacing across the
entire bandwidth. Those skilled 1n the art will appreciate,
therefore, that the present invention contemplates a widen-
ing of the channel spacing in the nonlinear portion of the
bandwidth, ¢.g., the first 10-15%, and, optionally, a reduc-
fion 1n the channel spacing of the remaining bandwidth, e.g.,

90-85%.

As mentioned earlier, the present invention recognizes the
impact of launch power tilt on Q performance of Raman-
amplified optical communication systems. Although the
foregoing exemplary embodiments have focused on increas-
ing the channel spacing by a fixed amount in the most
non-linear region of the signal bandwidth and then either
maintaining or reducing the channel spacing in the
remainder, those skilled 1n the art will appreciate that the
present nvention can also be implemented to provide more
than two different channel spacings within the signal band.
In fact, at i1ts most general, the present invention contem-
plates that channel spacing for wideband Raman systems
will be selected as a function of the launch power tilt.
Consider FIG. 15 which depicts various such functions. As
described above, a step function 1000 can be employed
wherein two different channel spacings are used 1n the signal
bandwidth with the smaller channel spacing being provided
over the lower launch power and the greater channel spacing
being provided over the higher launch power. Alternatively,
it would also be possible to increase the spacing between
cach of N channels as shown by function 1010. Of course 1t
1s further possible to use functions between the two which
are 1llustrated m FIG. 16, 1.e., having more than two steps
and less than N-1 steps, the selection of which will be
cuided by the recognition that more variations in channel
spacing also tend to mcrease system complexity. To equalize
(Q performance across the signal bandwidth, the selected
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function should also follow the general relationship that a 1
dB launch power tilt can be offset by approximately a 25%
channel spacing increase.

The preferred embodiments have been set forth herein for
the purpose of 1llustration. However, this description should
not be deemed to be a limitation on the scope of the
invention. Accordingly, various modifications, adaptations,
and alternatives may occur to one skilled 1n the art without
departing from the scope of the claimed mventive concept.

What 1s claimed is:

1. A method for equalizing QQ factors associated with
system performance 1n a Raman-amplified optical commu-
nication system, said method comprising the steps of:

allocating a predetermined bandwidth for communicating
optical signals;

dividing said predetermined bandwidth into wavelength
channels, wherein a first plurality of said wavelength
channels have a first spacing and a second plurality of

said wavelength channels have a second spacing less
than said first spacing;

transmitting said optical signals via said wavelength chan-

nels; and

amplifying said optical signals using Raman

amplification, wheremn said first spacing associated
with said first plurality of wavelength channels 1n
combination with said second spacing associated with
said second plurality of wavelength channels equalizes
said Q factors across said predetermined bandwidth for
said optical communication system.

2. The method of claim 1, wheremn said first group of
channels occupies approximately 10-15% of said predeter-
mined bandwidth.

3. The method of claim 2, wherein said first group of
channels occupies approximately 12% of said predeter-
mined bandwidth.

4. The method of claim 2, wherein said predetermined
bandwidth 1s between 50-150 nm.

5. The method of claim 4, wherein said predetermined
bandwidth 1s about 100 nm.

6. The method of claiam 2, wherein said first group of
channels has approximately double the channel spacing of
said second group of channels.

7. The method of claim 6, wherein said first group of
channels are spaced apart by about 100 GHz and said second
ogroup of channels are spaced apart by about 47 GHz.

8. The method of claim 1, wherein said step of dividing,
said predetermined bandwidth further comprises the step of:

determining a total number of said wavelength channels,
wherein a uniform spacing equals said predetermined
bandwidth divided by said total number of channels;
and

selecting said first spacing to be greater than said uniform
spacing such that said Q factor for said first plurality
channels 1s higher than it would be if said uniform
spacing was employed.

9. The method of claim 8, further comprising the step of:

selecting said second spacing to be less than said uniform
spacing.

10. The method of claim 1, further comprising the step of:

selecting said second spacing to compensate for a reduc-
tion 1n the number of channels caused by a selection of
said first spacing.

11. The method of claim 1, wherein said Q factors fall

within about 0.5 dB of one another over a range of signal-

to-noise ratios (SNR), said range including an SNR of 14
dB.
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12. The method of claim 1, further comprising the step of:

selecting said first and second spacings based on launch

powers of said optical signals.

13. The method of claim 1, wherein a Q factor associated
with a worst-performing channel 1s 1improved by the first
spacing.

14. A method for communicating optical wave division
multiplexed (WDM) signals comprising the steps of:

providing a first plurality of wavelength channels having
a first spacing and a second plurality of said wavelength
channels having a second spacing less than said first
spacing;

communicating optical WDM signals via said first plu-
rality of wavelength channels using a first launch
power; and

communicating optical WDM signals via said second
plurality of wavelength channels using a second launch

power;

wherein said at least one first launch power is greater than
said at least one second launch power.
15. The method of claim 14, further comprising the step

of:
amplifying said optical WDM signals using Raman
amplification.
16. The method of claim 14, further comprising the steps
of:

providing a third plurality of wavelength channels having
a third spacing which 1s different than said first spacing
and said second spacing; and

communicating optical WDM signals via said third plu-
rality of using a third launch power ditferent than said
first and second launch power.

17. The method of claim 14, wherein said first plurality of
wavelength channels occupies approximately 10-15% of a
predetermined bandwidth.

18. The method of claim 17, wherein said first plurality of
wavelength channels occupies approximately 12% of said
predetermined bandwidth.

19. The method of claim 17, wherein said predetermined
bandwidth 1s between 50-150 nm.

20. The method of claim 18, wherein said predetermined
bandwidth 1s about 100 nm.

21. The method of claim 14, wherein a difference between
said first launch power and said second launch power 1is
orcater than 3 dB.
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22. An optical communication system comprising:

first and second terminals connected together by a plu-
rality of optical fibers, wherein said first and second
terminals communicate optical signals over a predeter-
mined bandwidth having a plurality of wavelength
division multiplexed (WDM) channels associated
therewith; and

a plurality of line units, disposed between said first and
second terminals and connected to said plurality of
optical fibers, for amplification of said optical signals,

wherein said plurality of WDM channels include a first
ogroup of channels and a second group of channels, said
first group of channels being spaced apart more widely
than said second group of channels

wherein said first and second terminals transmit said
optical signals on said first group of channels at a
higher power level than said second group of channels.

23. The optical communication system of claim 22,
wherein said first group of channels occupies approximately
12% of said predetermined bandwidth.

24. The optical communication system of claim 23,
wherein said predetermined bandwidth 1s between 50-150
nim.

25. The optical communication system of claim 22,
wherein said predetermined bandwidth 1s about 100 nm.

26. The optical communication system of claim 285,
wherein said first group of channels has approximately
double the channel spacing of said second group of chan-
nels.

27. The optical communication system of claim 26,
wherein said first group of channels are spaced apart by
about 100 GHz and said second group of channels are
spaced apart by about 47 GHz.

28. The optical communication system of claim 22,
wherein said line units include a plurality of pump lasers
coupled to said plurality of optical fibers for performing said
Raman amplification.

29. The optical communication system of claim 22,
wherein said line units include optical fiber, which 1s not
doped with a rare-carth material, as a gain medium {for
Raman amplification of said optical signals.

30. The optical communication system of claim 28,
wherein each of said plurality of pump lasers has a pump
wavelength which 1s selected such that together said pump
lasers provide a relatively flat Raman gain profile to said
optical signals.
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